Functional magnetic resonance imaging (fMRI) is now the method of choice for studying neural correlates of various tasks in normal subjects as well as patients. This method, however, is inevitably coupled with the acoustic noise produced during the image acquisition process. This is a problem not only in auditory experiments but also in other cognitive tasks in general. The problems caused by such noise are modulation of auditory activation, impaired perception of auditory stimuli, and deterioration of task performance possibly due to stress from the abnormal circumstances. While both hardware and software solutions have been reported, several methods are introduced here that focus on software solutions that can be implemented in scanners already installed. Their advantages and disadvantages diŠer depending on the kinds of tasks involved, i.e. whether block design or event-related design, and they are discussed with a view to better utilization.
Introduction
With the echo-planar imaging (EPI) capability now widespread in clinical scanners, functional MRI (fMRI) is not only an accepted method of studying human cognitive processes in normal subjects, [1] [2] [3] [4] [5] [6] [7] but it has also become one of the clinical tools for diagnosis of neurological disorders, observation of stroke recovery and other applications. [8] [9] [10] EPI acquisition, however, is accompanied by a high levels of acoustic noise that may peak at 123 dB in a 1.5T imager and 138 dB in a 3T imager, 11 which is nearly equivalent to the sound pressure level (SPL) experienced under an airplane immediately after take-oŠ. Such a loud noise under the conˆned and restricted conditions presented by the magnet creates an unusual environment and may alter cerebral activity. The eŠects of the acoustic noise, however, have not been well acknowledged and have, in many cases, been ignored. In light of this, it is necessary to understand the eŠects of noise during scanning.
The high acoustic noise levels can be mitigated with several methods. One straightforward method is to change the design of the gradient coil, because it is well known that this noise is caused by vibration of the gradient coil due to the Lorentz forces generated by the current in a gradient coil placed in a static magneticˆeld. 12 Katsunuma et al. 13 have conˆrmed that MRI noise can be substantially reduced by sealing the gradient coil in a vacuum chamber to block airborne vibration propagation. This is achieved by supporting the gradient coil independently to block solid vibration propagation. Another unique technique is the adoption of a mechanically rotating DC gradient coil. 14 The rotating DC gradient coil replaces both the phase encoding and readout gradients, and data are reconstructed with projection reconstruction. This approach reduces the acoustic noise intensity by 20.7 dB compared with the conventional imaging technique.
Although these methods are intriguing, they cannot be applied to scanners that are already installed. Conventionally, earplugs and earmuŠs are used. In the frequency range of the most intense fMRI noise (1-1.4 kHz), the attenuation provided by these conventional devices alone was 30-37 dB for earmuŠs, 25-28 dB for earplugs, and 39-41 dB when both earmuŠs and earplugs were used together. 15 A device for isolating the head and ear canal from sound (a``helmet'') could add to the isolation provided by earmuŠs and earplugs and Table 1 . Problems caused by high levels of acoustic noise 1. Modulation of auditory cortex activation 2. Impaired perception of auditory stimuli 3. Deteriorated performance due to stress attenuate the perceived sound by 55-63 dB. Therefore, an EPI scan with the usual setup of earmuŠs and earplugs still results in 90-100 dB of noise received by the subject. This is still too great to be neglected.
Problems Presented by High Levels of Acoustic Noise
The eŠects of noise can be summarized in three points: modulation of the fMRI signal at the auditory cortex; interference with perception of auditory stimuli; and deterioration of task performance possibly due to the abnormal environment and accompanying stress ( Table 1) . It is quite understandable that acoustic noise activates the auditory cortex, and such activation was observed. 16, 17 Bandettini et al. 17 used preconditioning in which EPI gradients were applied for 20 s and EPI images were acquired for 20 to 30 s. EPI images without preconditioning were subtracted from images with preconditioning, resulting in activation at the bilateral auditory cortices and visualization of the modulation of activity in the auditory cortex.
The eŠects of noise can be widespread when auditory stimuli are used in fMRI experiments, because the noise interferes with the stimuli and may change the perception of them. The auditory system is capable of determining the origin of sounds and separating them, but this ability can easily be hampered amid high noise levels because of the mixing of many sounds, which is known as auditory perceptual grouping. This phenomena has typically been studied by presenting a series of pure tones in rapid succession and measuring the ability of subjects to identify or discriminate the order of particular tones within the series. An illustrative example was observed when subjects heard a pair of brief tone pulses in the presence of background noise. The subjects were required to respond when the pair tone pulses were in the order of a high-low frequency pattern, and to not respond when in a low-high pattern. If the frequency of the background noise diŠered greatly from those of the tone pairs, correct detection was attained, but if the noise frequency was close to that of one of the paired tones, the performance was largely deteriorated because that pair tone sound becomes indistinguishable from the background noise. 18 The spectrum of EPI scan noise spreads widely with some peaks 19 and the perception of auditory stimuli is deteriorated in an fMRI environment. 20 Shah et al. 21 studied the noise eŠect by presenting consonant-vowel syllables ( W ka W , W ta W , W pa W , W ga W , W da W , W ba W ) to subjects under fMRI measurements with diŠering number of slices (4, 16 and 64) at a repetition time of nine seconds. The syllable W ta W was designated as the target for a response. The subjects performed well when 4 or 16 slices were scanned, i.e. when the acoustic noise was sparse, but their performance deteriorated when 64 slices were scanned, because the subjects were unable to hear the stimuli clearly enough amid a continuous loud acoustic noise. The number of activated voxels in the auditory area also fell with the increment in the number of slices. The perception of auditory stimuli is signiˆcantly hampered by the noise.
The acoustic noise also has an eŠect on task performance itself. Smith 22 examined the performance of 64 subjects under noisy (85 dB) and relatively quiet (55 dB) conditions. The task was a visual one-back match of three or four digits. The hit ratios on average were 68z under the relatively quiet condition and 61.1z under the noisy condition; the diŠerence was signiˆcant. In the scanner, the circumstances are quite diŠerent from that of daily life. Subjects lay ‰at with their headsˆxed while their bodies are squeezed into the magnet bore. This arrangement can be stressful and performance can deteriorate. Although the exact mechanism of this performance decline is not clear, it may be due to stress elicited by the abnormally loud noise.
Software Solutions to the Acoustic Noise Problem
Several acquisition methods have been proposed to deal with acoustic noise problems. The eŠective-ness of these solutions can be better illustrated by diŠerentiating tasks to which methods can be applied. There are two kinds of tasks: the block design task and the event-related design task. 23 The former uses a consecutive task battery lasting 20 to 30 s and the latter gives single tasks that are usually separated by more than 10 s so that each response can be separated. In the following sections, the advantages of the proposed scan methods are compared with the conventional one in terms of modulation of auditory activation, perception of 
Scan Methods for the Block Design Task
One of the methods implementedˆrst was clustered volume acquisition (CVA), as compared with the usual method of distributed volume acquisition (DVA). 24 In DVA, slices from the volume are acquired at equal intervals within the repetition time, whereas the CVA acquires all slices in rapid succession at the end of the repetitive scan period. The CVA provides a brief period of silence during which a stimulus may be presented uninterrupted and uncontaminated by the acoustic noise (Fig. 1) . The CVA showed greater measures of dynamic range (percent signal change, mean statistical power per unit imaging time) across the tested range of TR values (2-8 s) by blocked presentations of music. The hemodynamic response function (HRF) by the block design task comprises three phases: an initial phase of signal increase, a plateau phase, and a phase of signal decrease to the baseline after cessation of the task; the increase to and decrease from the plateau phase usually take more thanˆve seconds. Hence, every second signal change need not be measured.
In the extreme case, the maximum diŠerence in the signal change can be measured between the baseline and the plateau phase and the rest of the time can be left silent without fMRI acquisition. Such a scan method is called sparse temporal sampling (STS). 25 In STS, single volumes of brain images are acquired at the end of the stimulus and baseline conditions (Fig. 2) . Thus, the eŠective auditory stimulus for the activation is not masked by the noise. Despite the smaller number of samples with sparse imaging, this method successfully detected broadly the same regions of activation as conventional distributed volume acquisition. Moreover, the mean percentage signal change within the region of interest was greater with sparse imaging, because it ensures that the activation obtained depends on the stimulus alone without interference from the noise.
The advantages of CVA and STS as compared with DVA are summarized in Table 2 . The CVA method enables good perception of auditory stimu- 4 . A simulated plot of a typical hemodynamic response curve is presented. Note the rapid decline in the amplitude with deviation from the peak time, especially when the deviation exceeds two seconds. Hence, exact peak times must be sampled in eventrelated experiments. 184 T. Okada and T. Nakai
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Scan Methods for Event-Related Tasks
Yang et al. 26 applied the STS method to eventrelated experiments and scanned images at the base and the peak of hemodynamic responses. This prevented scanner acoustic noise from interfering with brain activation. This method takes into account the HRF characteristics of the brain during activation that are associated with both task performance and acoustic noise (Fig. 3) . Tonotopic maps obtained with this technique showed distinct spatial shifts in the activation foci in the lateral part of Heschl's gyrus from changing stimulus frequencies, whereas no systematic shift was detected in the result with a conventional scan method. Moreover, the signal change in the activation foci was 54z greater in the sparse sampling.
The previous method can, however, be applied only to subjects with known HRF timing, because the hemodynamic response elicited by an eventrelated task does not have a plateau phase. The response typically goes up in six seconds and down in approximately the same period. 27 Therefore, if the peak time shifts by one, two and three seconds, the peak response amplitude will decrease drastically to about 90z, 60z-70z, and 50z-20z, respectively (Fig. 4) .
Scanning at the peak response is very di‹cult due to several factors. Theˆrst problem is inter-subject variability in HRF. When the hemodynamic responses of 41 young subjects during an eventrelated, simple reaction time task were examined, signiˆcant and substantial variability in the shape of responses was observed across subjects up to two to three seconds, while responses collected during multiple scans within a single subject were much less variable. 28, 29 Hence, the exact HRF of each subject has to be measured before experimentation. This, however, is not enough because a regional variability exists in the HRF even in a single subject. Birn et al. 30 observed regional diŠerences in hemodynamic latencies with visual and motor tasks and found region-dependent delay in the response. This diŠerence in delay is also related to the diŠerence in timing of neural activity in diŠer-ent brain regions. In higher cognitive tasks, such as word-stem completion 31 and mental imagery, 32 visually presented stimuli areˆrst perceived in the occipital cortex and then processed in the frontal cortex, which yields a HRF delay of up to three seconds. In the case of event-related tasks, detectability is impaired by both inter-subject and inter-regional factors.
The problem of a variable peak time of hemodynamic response, however, can be solved if the entire response is scanned. In order to do this, Belin et al. 33 simply used aˆxed long time interval between each cerebral volume acquisition, combined with stimulus presentation at diŠerent timings prior to the scan (Fig. 5) . This event-related method was eŠective at minimizing the eŠects of the interaction between acoustic noise and 6 . A diagram of the brief silent scan method, which is enabled by temporarily turning oŠ readout gradients. It is a time-e‹cient sampling that provides good perception of auditory stimuli, but the modulation of auditory activity and stressful environment remain. experimental auditory stimulation with temporal information of the hemodynamic response. At the same time, however, this method has the inherent penalty of a very long scan time to cover numerous time points. The most time-eŠective scan method for observing the entire hemodynamic response is to provide brief silent periods during scanning by temporarily turning oŠ readout gradients (Fig. 6) . 34 The few seconds of missing images can be linearly interpolated with the preceding and subsequent images. Although this method reduces neither modulation nor stress, it enables a better perception of auditory stimuli and observation of neural activities induced by auditory tasks in the whole brain through its capability for full HRF sampling. However, it will elicit onset and oŠset responses in the auditory cortex through the abrupt changes in the auditory environment, 35 and it may not be suitable for observation of this area.
In summary, in order to use sparse temporal sampling, one must measure the hemodynamic response in the region of interest before the experiment. The full HRF sampling method is excellent except for its prolonged scan time, which may make the subject uncomfortable, add stress, and hinder concentration on the task. The brief silence scan method is e‹cient but only solves the perception problem. Hence, a method must be selected according to its suitability to the task requirements (Table 3) .
Conclusion
The software solutions reviewed have solved many of the acoustic noise problems in block design tasks. Many problems remain in the case of event-related tasks, but other software methods may emerge in the future. Recent advances in coil technology showed another option that is compatible with software solutions: a new approach that reduces gradient acoustic noise levels in EPI experiments is presented 36 that uses the sensitivity encoding (SENSE) method. 37 With multi-channel RF receiver coils, combined with SENSE data acquisition and reconstruction, gradient slew-rates in single-shot EPI were reduced fourfold for rate-2 and nine-fold for rate-3 SENSE. Multi-slice EPI experiments resulted in average sound pressure level reductions of 11.3 dB(A) and 16.5 dB(A) for rate-2 and rate-3 SENSE, respectively. In spite of the problems that remain, forthcoming MRI technology will provide better solutions for auditory experiments.
